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Abstract. We review the recent status of big bounce genesis as a new possibility of using
dark matter particle’s mass and interaction cross section to test the existence of a bounce
universe at the early stage of evolution in our currently observed universe. To study the
dark matter production and evolution inside the bounce universe, called big bounce genesis
for short, we propose a model independent approach. We shall present the motivation for
proposing big bounce as well the model independent predictions which can be tested by dark
matter direct searches. A positive finding shall have profound impact on our understanding
of the early universe physics.
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1 Motivation and Overview
Understanding the working principles of the fundamental constituents pivots on the knowl-
edge of the origin of universe [1]. Cosmology is therefore the oldest intellectual pursuit of
mankind. The inflationary paradigm is the laurel of modern cosmology as it solves in one
stroke the Monopoles, Horizon, and Flatness problems of the Big Bang Cosmology (BBC)
by modeling a brief period of exponential expansion after the Big Bang using simple scalar
fields [2]. It turns out that a nearly scale invariant primordial power spectrum, which agrees
well with the current array of Cosmic Microwave Background (CMB) observations [3, 4],
can be generated from the quantum fluctuations of the scalar field in the simplest inflation
model [5]. This achievement is crowned the “Inflation paradigm.”
Slowly it dawns on some cosmologists that, similar to the BBC, the scenario of infla-
tion also suffers from its own problems, the initial singularity problem and the fine-tuning
problem [6].
Challenge presents great opportunities in developing new theories for the early uni-
verse. In past decade in a concord effort to resolve the initial singularity problem of the
inflation scenario, the “bounce universe scenario” (BUS), was proposed by postulating a
phase of contraction before the universe turns around–called the Big Bounce in lieu of the
Big Bang (Recent reviews can be found [7–10].).
Effort on detailed implementations ensue with many working models of the Big Bounce
universe proposed [11–48]. According to the BUS, our universe is bouncing from a contract-
ing phase to an expanding phase at non-zero minimum size so the Big Bang Singularity is
resolved. The Horizon Problem and Flatness problems are solved by observing that there
is an interplay of the physical scale and the Hubble scale similar to the inflationary sce-
nario, as depicted in Fig. 1. The solution to the Big Bang Problems–Horizon, Flatness and
Homogeneity–by the CSTB model is explicitly demonstrated in a recent paper [34].
Moreover, a stable as well as scale-invariant power spectrum of primordial density per-
turbations matching up to the currently observed CMB spectra can be obtained during the
phase of matter dominated contraction in the BUS [49–52].
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Figure 1. The exit and entrance of physical perturbations at the Hubble Horizon in the Inflation (left)
and in the bounce (right) scenarios.
In light of such fast developments, we are well motivated to work out further criteria for
testing the bounce universe models, and extract discriminating predictions to distinguish the
bounce scenario from the inflationary paradigm. Even though the details of cosmic evolution
in the inflation scenario and BUS are so different, the experimental or observational evidence,
which can be used to tell these two models apart, is still lacking. One may expect that the
precisely measured CMB spectra are suitable for distinguish these two scenario. However,
they are still not enough to concretely distinguish these two scenarios due to following two
factors [53]:
1. In terms of primordial power spectrum, a complete duality between the inflation sce-
nario and BUS have been well established [49–51, 54, 55]. It enables both inflation and
BUS to generate a scale-invariant primordial power spectrum with the same probabil-
ity from the unified parameter space. In short, if a primordial power spectrum can be
generated in an expanding phase of cosmological evolution, it can also be generated in a
contracting phase with the same scale-dependence and time-dependence [51]. Literally,
they are degenerate in the leading-order signatures of CMB spectra;
2. Currently, all models in these two scenarios are utilizing some undetected classical/quantum
fields to drive the inflation or big bounce at the very early stage of cosmic evolution.
Hence, their predictions of the CMB spectrum and the scalar-tensor ratio, both built
upon the linear perturbation theory of these unconfirmed fields, are still questionable.
Therefore, the usual temperature-temperature correlations and scalar to tensor ratio in the
CMB spectrum cannot serve as direct evidence for either the inflation scenario or BUS.
Hence new concrete methods–independent of CMB observations–for distinguishing the in-
flation scenario and BUS with falsifiable predictions are urgently needed. That is where
our proposal [56] dubbed “Big Bounce Genesis” steps in, in which dark matter(DM) direct
detections experiments are proposed to be a testing ground to distinguish Bounce Universe
Scenario from the inflation paradigm.
Big Bounce Genesis (BBG)[56] is a framework for analyzing matter production and
evolution in the bounce universe, in which there is a period of contraction prior to the a
period of expansion connected by a bounce. By incorporating the concept of weak freeze-out,
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an explicit computation in an out-of-chemical equilibrium productions of DM shows that the
cross-section and DM mass is constrained by the observed relic abundance of DM, Ωχ, [56]:
Ωχ ∝ 〈σv〉χm2χ . (1.1)
This relation is depicted by Curve B in Fig. 2. This characteristic relation is significantly
different from the Standard Cosmology predictions:
Ωχ ∝ 〈σv〉−1χ m0χ, (1.2)
in either the WIMP or WIMP-less miracles [57–60], as depicted by Curve A in Fig. 2
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Figure 2. The cross section 〈συ〉 as a function of the scalar DM mass. In the standard cosmology
it is a constant (solid line), but it varies considerably in the bounce universe scenario (dash-dotted
line) [56].
The existence of this relation can therefore be a telling sign that the universe has gone
through a Big Bounce [56].
Therefore one can be hopeful that data from current and future DM detections can tell
these two early universe scenarios apart [61]. A confirmed relation between DM mass and
interaction cross section not only can lend support to the idea that the cosmos goes through
a bounce and not a bang, but also establishes the one-way production of matter in the early
universe. All of these shall have profound implications in early universe physics.
In BBG [53, 56, 62], DM particles are assumed to be produced by the annihilation of
SM particles in hot plasma of the bounce cosmological background. The following model-
independent interaction is assumed,
φ+ φ⇐⇒ χ+ χ (1.3)
where φ denotes SM particles and χ denotes DM particles (can be either fermions or bosons).
This assumption leaves DM mass, mχ, and cross-section, 〈σv〉, as two free parameters con-
strained by the astrophysical observations.
In a model independent analysis of the bounce universe dynamics we divide the cosmic
evolution of a generic bounce universe schematically into three stages, Phase I: pre-bounce
contraction, Phase II: post-bounce expansion and Phase III: freeze-out phase as shown in
Fig. 3.
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If DM is produced efficiently in both of the pre-bounce contraction and post-bounce
expansion when the background temperature is high and the duration is long enough. The
freeze-out process of DM commences after the post-expansion. Generically, such a thermal
production mechanism is model independent and irrelevant to the details of realization of
bounce since the bounce point connecting Phase I and Phase II is assumed too short to affect
DM productions [53, 63].
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Figure 3. The breakdown of the Big bounce period into a pre-bounce contraction (phase I), a
post-bounce expansion (phase II), and the freeze-out of the DM particles (phase III).
For the production of DM, there are two different avenues, thermal equilibrium produc-
tion and Out-of-chemical equilibrium production.
• Thermal equilibrium production: DM particle with large cross-section are produced very
efficiently, so that its abundance increases rapidly and achieves its thermal equilibrium
value even in the pre-bounce contracting or post-bounce expanding phases. Then the
abundance of DM tracks the thermal equilibrium value before the freeze-out takes place,
Y (t) = Yeq, t < tf , (1.4)
where Y ≡ nχ
T 3
is the abundance of DM and Yeq is the thermal equilibrium abundance
in the given cosmological background with temperature T , and tf is the moment of the
freeze-out commencing.
• Out-of-chemical equilibrium production [56]: In a given cosmological background, if the
cross-section of DM is small enough, the production of DM should be inefficient. There-
fore, its abundance cannot achieve the thermal equilibrium value during the production
process,
Y (t) Yeq, t < tf . (1.5)
And for the freeze-out process, there is also two different ways. At the end of Phase II:
post-bounce expansion, the background temperature continues to fall as long as universe is
expanding, the forward reaction of Eq.(1.3) is suppressed exponentially, i.e. the production
of DM is end. Depending on the abundance of DM at this moment, this freeze-out process
of DM can be categorized into two types: Strong freeze-out and Weak freeze-out [56].
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• Strong freeze-out: If a plenty of DM particles have been produced before, the backward
reaction of Eq.(1.3) becomes dominated as the forward reaction of Eq.(1.3) is suppressed
exponentially. The backward reaction decreases the abundance of DM very efficiently
until the number density of DM is too low to keep thermal contact in the expanding
phase. Therefore, after such strong freeze-out, the relic abundance of DM is significantly
lower than that before freeze-out and is inverse to the DM cross-section,
Yf ∝ 1〈σv〉 , (1.6)
where Yf is the relic abundance of DM after freeze-out, t ≥ tf . This is just the well-
known freeze-out process in WIMP and WIMP-less miracle [57, 58], and we label it as
“strong freeze-out” comparing with the “weak freeze-out” at following.
• Weak freeze-out: If the abundance of DM is very low, the backward reaction in Eq.(1.3)
is always negligible. When the forward reaction in Eq.(1.3) is suppressed exponentially,
both the production and annihilation of DM are end. Therefore, the relic abundance
of DM is equal to the abundance of DM at the end of the production phases and is
generically proportional to the DM cross-section,
Yf = Y (tf ) ∝ 〈σv〉. (1.7)
Remarkably, since all abundance of DM, which is sensitive to cosmological evolution,
are preserved, such relic abundance of DM undergoing the weak freeze-out process is
encoded with information of early evolution of universe.
In view of the two possible production routes and the subsequent two possible freeze-out
processes of DM, there arise four possibilities, as displayed in Table 1.
Table 1. Production and freeze-out of DM in BUS
Thermal equilibrium production Out-of-chemical equilibrium production
Strong freeze-out Route I —
Weak freeze-out Route III Route II
The time evolution of DM in a generic bounce cosmos is illustrated in Fig. 4, respectively,
for Route I and Route II. In following discussion, we take DM as a bosonic particle and
the highest temperature of bounce larger than the mass of DM (In this case, the Route III
is not manifest and we are discussing the details of the Route III in next section.).
In Route I of BBG, DM is produced through Thermal equilibrium production and
undergoes Strong freeze-out. DM commences its thermal decoupling from the thermal equi-
librium state and, eventually, freezes out with the relic abundance inverse to its cross-section.
Therefore, the relic abundance of DM predicted by Route I is identical to the prediction
of the models in the standard inflationary cosmology such as WIMP and WIMP-less mir-
acles [56–58]. Particularly, the WIMP and WIMP-less miracles can be viewed as a part of
this process, see the dashed black frame in Fig. 4. The relation of cross-section and mass
predicted by this case is the Branch A in Fig. 2 .
The novelty appears in the Route II, Out-of-chemical equilibrium production and Weak
freeze-out. During the production phase, the abundance of DM is much lower than the value
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Figure 4. A schematic plot of the time evolution of DM in a generic bounce universe scenario.
Two pathways of producing DM yet satisfying current observations thermal production (which is
indistinguishable from standard cosmology) and non-thermal production (characteristic to bounce
universe) are illustrated. The horizontal axis indicates both the time, t, as well as the temperature,
T, of the cosmological background [56].
of the thermal equilibrium state. With the falling of the temperature of background, DM
takes a very weak freeze-out process that all pieces of information of early universe evolution
are preserved in the relic abundance of DM, which leads a new characteristic relation of DM
cross-section and mass that compatible with current observations(c.f. Branch B in Table II
of [56]),
〈σv〉 = 7.2× 10−26m−2χ , mχ  432 eV (1.8)
where 〈σv〉 is the thermally averaged cross-section of DM. This relation of cross-section and
mass is shown as the Branch B in Fig. 2. As a smoking gun signal for the existence of the
bounce universe, this novel relation can be used to check against recent and near future data
from experiments of DM to determine whether or not universe undergoes a big bounce at a
very early stage of cosmic evolution [61, 64].
In general the production and evolution of DM in the bounce cosmos (Big Bounce
Genesis for short) brings about new possibilities, compared to the Standard model particle
physics in the standard cosmology, which are listed in Table 2. The generic picture of BBG
is illustrated with the model of the evolution of scalar DM in a high temperature bounce.
Table 2. Categories of BBG models
High Temperature Bounce Low Temperature Bounce
Tb  mχ Tb  mχ
Bosonic Dark Matter Type I Type III
Fermonic Dark Matter Type II Type IV
In each of the venues listed in Table 2, DM is produced and evolves through different routes
listed in Table 1 and gives (beyond standard model) predictions. In this review, we discuss
each case in detail.
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This review is organized as follows: In section 2, we discuss each type of BBG dynamics
following [53, 56, 62]. We study the generation of thermal fluctuations of DM in the bounce
cosmos following [65], and show that the bounce dynamic is stable against thermal fluctu-
ations for Tbounce ≤ TPlanck, in section 3. In section 4, we discuss the search of BBG DM
in direct detection experiments for mass range DM mass∼ 100GeV using nuclear recoil [61]
and for light DM by electron recoil [64].
2 Dark matter Production and Evolution in the Bounce Universe Scenario
In general, the evolution of DM in BUS is governed by the Boltzmann equation,
d(nχa
3)
a3dt
= 〈˜σv〉
[(
neqχ
)2 − n2χ] , (2.1)
where neqχ is the thermal equilibrium number density of DM, a, the scale factor of the cos-
mological background, and, 〈˜σv〉, the thermally averaged cross section with temperature de-
pendence. Since the DM mass is large, the production phases of DM is radiation-dominated,
ρ ∝ a−4 ∝ T 4, (2.2)
where ρ is the energy density of cosmological background. To facilitate the study of whole
evolution of DM in a generic bounce comos, without loss of generality we take following two
conditions,
• Initial abundance of DM takes niχ = 0, i.e. the number density of DM is set to be zero
at the onset of pre-bounce contraction phase in which T  mχ.
• Matching condition on bounce point is n+χ (Tb) = n−χ (Tb), i.e. the number density of
DM, nχ, at the end of the pre-bounce contraction (denoted by −) is equal to the initial
abundance of the post-bounce expansion (denoted by +), given that the entropy of
universe is conserved around the bounce point [63].
Therefore, by solving Eq. 2.1 with these two conditions, the evolution of DM abundance are
fully determined. Then we can obtain the characteristic relations of DM cross section and
mass for each type of BBG models constrained by recent observational energy fraction of
DM, Ωχ = 0.26.
2.1 Type I: Scalar Dark Matter in a High Temperature Bounce
Following [56], the simplest case is that the highest temperature of bounce is larger than DM
mass, Tb  mχ, and both χ and φ are scalar particles. Thus the interactions of DM with
the light boson can be modeled by Lint = λφ2χ2. And, in the limit mφ → 0, we get [66],
〈˜σv〉 =

x2
4
· 〈σv〉 , mχ  T
〈σv〉 , mχ  T
, x ≡ mχ
T
, 〈σv〉 = 1
32pi
λ2
m2χ
. (2.3)
Substituting Eq. 2.3 and Eq. 2.2 into Eq. 2.1, the Boltzmann equation can be simplified
during the production phases,
dY∓
dx
= ∓f〈σv〉mχ(1− pi4Y 2∓) , x < 1, (2.4)
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where ∓ denotes the pre-bounce contraction and post-bounce expansion respectively, T 
mχ , and f is a constant during these phases with f ≡ m
2
χ
4pi2
(|H|x2)−1 = 1.5× 1026 eV , being
constrained by recent astrophysical observations. Then, by solving Eq. 2.4 with the initial
abundance of DM and matching condition on bounce point, the complete solution of the DM
abundance in the post-bounce expansion is obtained,
Y+ =
1− e−2pi2f〈σv〉mχ(1+x−xb)
pi2
(
1 + e−2pi2f〈σv〉mχ(1+x−2xb)
) . (2.5)
At the end of DM production, T ∼ mχ, this solution can be categorized into two limits,
Thermal equilibrium production and Out-of-chemical equilibrium production,
Y+|x=1 =
{
pi−2, 4pi2f〈σv〉mχ  1
2f〈σv〉mχ , 4pi2f〈σv〉mχ  1 . (2.6)
They are the two venues of DM production discussed in last section.
• Thermal equilibrium production: For the upper line in Eq. 2.6, with the large value of
〈σv〉mχ, DM is produced in plenty abundance which have reached the thermal equilib-
rium before the end of the production phases.
• Out-of-chemical equilibrium production: And for the lower line in Eq. 2.6 with the small
value of 〈σv〉mχ, the production is mostly oneway and thermal equilibrium cannot be
established, so that its abundance is much lower than the value of thermal equilibrium
state even at the end of he production phases.
After the production phases in which x ≤ 1, the cosmos is still in expansion and the
background temperature of universe continues to fall. The production of DM is exponentially
suppressed and thermal decoupling commence. To determine the relic abundance of DM after
freeze-out, we are solving the Boltzmann equation Eq. 2.1 in the low temperature region,
dY
dx
= 4f〈σv〉mχ
(
pi
8
xe−2x − pi4Y
2
x2
)
, x ≥ 1 (2.7)
where the first term on the right hand side of Eq.(2.7) is subdominant and hence discarded
for x > 1. Integrating it from x = 1 to x → ∞, we obtain the relic abundance of DM after
freeze-out,
Yf ≡ Y |x→∞ = 1
4pi4f〈σv〉mχ + (Y+|x=1)−1 , (2.8)
which leads two distinctive outcomes of the freeze-out process:
• Strong freeze-out: If Y+|x=1  (4pi4f〈σv〉mχ)−1, the initial abundance of DM at the
onset of the freeze-out process is large enough for pair-annihilation of DM particles
during the thermal decoupling, so that the relic abundance of DM becomes irrelevant
of the initial abundance. Particularly, it is inversely proportional to the cross section,
Yf =
1.71× 10−29eV −1
〈σv〉mχ . (2.9)
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• Weak freeze-out: If, on the other hand, Y+|x=1  (4pi4f〈σv〉mχ)−1 and the density of
DM is too low to pair-annihilate during the thermal decoupling. The relic abundance
of DM after freeze-out in this limit is just the initial abundance at the onset of the
freeze-out process,
Yf = Y+|x=1 . (2.10)
Notice that two criteria for production from Eq. 2.6 and for freeze-out process from Eq. 2.8
are mostly coincident. Therefore, the Route III, thermal equilibrium production and weak
freeze-out, is not manifest in Type I model of BBG. In this model, if DM is produced in
thermal equilibrium, it must undergo strong freeze-out; and if DM is produced through the
out-of-chemical equilibrium production, it must undergo weak freeze-out, i.e., only Route I
and Route II are viable.
For Route I, as the abundance of DM tracks the thermal equilibrium values during the
production phase and the freeze-out phase, all information of the early universe encoded in
the relic abundance of DM is washed out. This is analogous to the standard cosmology in
which DM freeze out strongly from equilibrium [59], in both the WIMP miracle scenario [57]
and the WIMP-less miracle scenario [58]. Therefore the standard model and the bounce
universe cannot be distinguished from each other as long as DM is produced at thermal
equilibrium, depicted in Branch A of Fig. 2.
In the production Route II, the abundance of DM has not reached thermal equilibrium
and therefore not suppressed by the “thermal envelop” and its final abundance is directly
proportional to its interaction cross sections:
Yf = Y+|x=1 = 3× 1026eV〈σv〉mχ , (2.11)
where we have used Eq. 2.6. The relic abundance of DM produced this way encodes the
information of the early universe dynamics when we reconstruct its decoupling time from its
interaction cross section. Utilizing the current observed value of Ωχ,
Ωχ = 1.18× 10−2eV ×mχYf = 0.26 , (2.12)
the DM relic abundance is constrained. This in turn forces the DM mass and cross section
to lie on the characteristic relation, Eq. 1.8, depicted as the Branch B in Fig. 2.
If the DM mass and its interaction cross section is found to be related, as one point in
Branch B, by (in)-direct detection of DM, we can confidently conclude that the matter is
produced in the early universe out of thermal equilibrium. This is in fact shared by many a
non-standard universe models based on f(R) gravity [67, 68].
2.2 Type III and IV: Bosonic and Fermionic Dark Matter in a Low Temperature
Bounce
In a low temperature bounce, Tb  mχ, the DM is expected to be produced inefficiently. So
we focus on1 the route in which DM is produced in out-of-chemical equilibrium and undergoes
weak freeze-out, i.e. Route II listed in Table 1, following [56, 62].
During a low temperature bounce, xb  1, the thermally averaged cross section of DM,
〈˜σv〉, becomes irrelevant of temperature at the leading order,
〈˜σv〉 = 〈σv〉0 +O(x−1), (2.13)
1On the other hand, if the factor f〈σv〉0mχ is very large, and xb ≡ mχTb → O(1), the production of DM
would be very efficient, so that the abundance of DM is able to achieve its thermal equilibrium, for this case,
see [56] .
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where 〈σv〉0 is simply determined by the interacting coupling constant of DM particle [60]. At
here we approximate 〈˜σv〉 = 〈σv〉0 for simplicity. By utilizing the dimensionless abundance
of DM, Y˜ ≡ nχs−1, with the entropy density, s, the Boltzmann equation can be simplified in
further as following,
dY˜∓
dx
= − s
xH
〈σv〉0
(
Y˜ 2∓ − Y˜ 2eq
)
(2.14)
where the subscript ∓ corresponds the sign of Hubble parameter, i.e. the contracting phase
and expanding phase of a generic bounce universe respectively. The entropy density is given
by s = (2pi2/45)h?T
3 with h? being the relativistic degree of freedom for the entropy density.
In the radiation dominated era, the Hubble parameter is proportional to T 2, H = piT
2
Mp
√
g?
90 ,
where g? and Mp are, respectively, the relativistic degree of freedom of energy density and
the reduce Planck mass.
In low temperature limit x  1, the thermal equilibrium number density of DM is
suppressed exponentially by x, neq = gχ
(
m2χ/2pix
) 3
2 e−x, with gχ being the number of degree
of freedom of χ. Thus the particle creation term, Y˜ 2eq, on the right-hand of Eq.(2.14) is sup-
pressed exponentially by 2x, Y˜ 2eq ∝ e−2x. Therefore, the production of DM can be expected
to be very inefficient during such low temperature bounce, so that the abundance of DM are
unlikely able to achieve its thermal equilibrium value. Under this consideration, we focus on
this out of thermal equilibrium case for the DM production, Y˜  Y˜eq, i.e. the annihilation
term Y˜ 2∓ on the right-hand of Eq.(2.14) can be dropped out in the following calculations.
By integrating Eq.(2.14) with the initial condition Y˜ i− = 0 and the match condition
Y˜−(xb) = Y˜+(xb), we obtain the relic abundance of DM, (c.f. Eq (3.3)in [62], which was
firstly obtained in [56])
Y˜f = Y˜
+(x xb) = C〈σv〉0mχe−2xb(1 + 2xb) . (2.15)
where C = 0.014Mpg−
1
2
? h
−1
? g
2
χ. By taking gχ = 1 and h? ' g? = 90 during the phases under
consideration, C = 6.9× 1022eV. Imposing the currently observed value of Ωχ ,
Ωχ = 5.7× 108mχY˜fGeV−1 = 0.26 , (2.16)
leads a precisely observational constrains on 〈σv〉0, mχ and xb,
〈σv〉0m2χe−2xb(1 + 2xb) = 6.6× 10−24 . (2.17)
To sum up, by utilizing this observational constrains, the highest temperature of bounce can
be determined in this scenario with the given value of (〈σv〉0,mχ).
2.3 Type II: Fermionic Dark Matter in a High Temperature Bounce
Following [62], in high temperature bounce Tb  mχ, the thermally averaged cross section
of DM, 〈˜σv〉, can be parameterized as following,
〈˜σv〉 = σ˜0x−n , x < 1 (2.18)
where n > 0 and typically, n = 2 for the pair annihilation processes of Dirac and Majorana
fermions into a pair of massless fermions, and σ˜0 is simply determined by the interacting
coupling constant of DM particle and independent of temperature.
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We again focus on an interesting route in which DM is produced out of chemical equi-
librium and undergoes weak freeze-out. Then, by substituting Eq. 2.18 into the Boltzmann
equation, Eq. 2.1, and integrating it with the two matching conditions, we get a solution
Y˜±(x) ' ±0.077 g
2
eff f σ˜0
g2∗(n+ 1)
(
1
(x±i )n+1
− 1
xn+1
)
+ Y˜i±. (2.19)
where we have used Y˜EQ ' 0.278 geff/g∗ with geff = 3gχ/4 for fermion and neglected Y˜ 2±
for the out-of-chemical equilibrium production. As it undergoes weak freeze-out process, all
abundance of DM is preserved during and after the freeze-out process,
Y˜f = Y+(x xb) ' 2Y˜−(xb) , Y˜−(xb) ' 0.102 g
2
effg
−3/2
∗ mχMp σ˜0
(n+ 1)xn+1b
. (2.20)
Substituting our result, Eq. 2.20, into the current observational constraint, Eq. 2.16, a char-
acteristic relation of mχ, σ˜0 and Tb can be obtained. Some examples are shown in Fig. 5 and
in Fig. 6, where we choose g∗ = 90, gχ = geff = 1 and n = 2.
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Figure 5. Contour plots of the predicted relic abundance in the (xb-σ˜0) plane in high temperature
bounce case. Here we take mχ = 1GeV. [62]
To sum up the discussion on the fermionic DM in a high temperature bounce, we give
the criteria for the out-of-chemical equilibrium production of DM [62]. By rewriting the
Boltzmann equation as
x
Y˜
dY˜
dx
=
nχ〈˜σv〉
H
(
Y˜ 2eq
Y 2
− 1
)
, (2.21)
it is clear that the sufficient condition for out-of-chemical equilibrium production (i.e. Y 2EQ/Y
2 >
1) is nχ〈σv〉 < |H|. Therefore if the DM is produced mainly at some temperature T∗ with
Ωχ < 1, the condition becomes 10
10(GeV)2〈˜σv〉 < x∗ (cf. (1) in [69]). Since in our case the
dominant contribution comes from Tb (or xb) (see Eq. 2.20), the criteria for an out-of-chemical
equilibrium production is
1010(GeV)2σ˜0 < x
n+1
b (2.22)
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Figure 6. Low temperature bounce: xb as a function of a to reproduce the present relic abundance
Ωχh
2 ' 0.1 for various mχ. [62]
in this case.
3 Thermal Fluctuations of Dark Matter in the Bounce Universe Scenario
A crucial ingredient of big bounce genesis (BBG) is that the production of DM is out-of-
chemical equilibrium. Therefore, the informations of early universe evolution can be preserved
in the relic abundance of DM, which gives a tell-tale feature of a big bounce. Moreover,
since the abundance of DM is much less than its thermal equilibrium value, the thermal
fluctuations of DM can be generated in this way–in contrast to the case that the thermal
fluctuations are suppressed in a thermal equilibrium production, such as standard WIMP
or WIMP-less Miracle scenarios. Empirically, much more information of the early universe
evolution must be encoded in the thermal fluctuations of DM comparing with that encoded
in its relic abundance. Therefore, we are well motivated to study the thermal fluctuations of
DM in BBG.
Another crucial ingredient of BBG is that the cosmic evolution of universe is bouncing,
which consists of a contraction and an expansion. During the accelerating contraction, the
effective horizon of universe shrinks so that the wavelength of the long wavelength mode of
thermal fluctuation of DM becomes larger than the effective horizon, i.e. being super-horizon.
Therefore, only the sub-horizon mode of thermal fluctuation of DM can be investigated by
utilizing the conventional thermodynamics approach in which the background of statistical
system is assumed to be (quasi-)static [70, 71]. To study the evolution of the super-horizon
thermal perturbation modes requires a method beyond the conventional thermodynamics.
Recently, an integrated scheme is proposed to investigate the evolution of both super-
horizon and sub-horizon modes thermal perturbation modes of DM in the contracting and
expanding phase of a generic bounce universe [65].
This scheme consists of the following four steps.
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• Step I: (Inside Horizon) Computing the energy density of the sub-horizon modes of
thermal fluctuations of DM, δρk|k≥|aH|, by utilizing the traditional thermodynamics;
The energy density of sub-horizon thermal fluctuation takes [70, 71]
δρ2L =
〈δEχ〉2
(aL)6
=
µ2eβµ
pi2β3
(aL)−3 , aL ≤ |H|−1 , (3.1)
where δρL is short for 〈δρχ〉aL with subscript aL denoting the physical length of the
given volume, µ is chemical potential, and 〈δEχ〉2 is thermal fluctuation of DM in
the given sub-horizon volume. The L-dependence of δρL implies the distribution of
amplitude for thermal fluctuation modes for each wavelength, which empowers us to
go from the real space L to the momentum space k and obtain the power spectrum of
the thermal fluctuations for all sub-horizon mode,
δρ2k =
6pi2δρ2L
k3
=
6µ2eβµ
(aβ)3
, k ≥ |aH| (3.2)
Notice that Eq. 3.2 is only valid for the sub-horizon modes, and the super-horizon
modes is discussed at following.
• Step II: (Beyond Horizon) Getting the solution of the energy density of the super-
horizon modes of thermal perturbations, δρk|k≤|aH|, by deriving and solving their equa-
tion of motion in long wavelength limit, and leaving the initial amplitude of these long
wavelength perturbations undetermined;
Being different from the sub-horizon thermal fluctuations originating from the thermal
uncertainties and correlations in the grand ensemble, the super-horizon thermal pertur-
bations describes how the energy density varies with the spatial variance of underlying
physical quantities, such as local temperature and chemical potential. So the start
point for investigating super-horizon mode of DM thermal fluctuation can be taken as
δρˆχ(x, t) = δnχ(x, t)χ(t) + nχ(t)δχ(x, t) , (3.3)
where the ˆ on δρ denotes the super-horizon mode, χ ≡ 〈Eχ〉/Nχ is the average en-
ergy for one DM particle. Without loss of generality, we attribute all such thermal
perturbation into the perturbation of temperature,
β˜ = β + δβ(x, t) , δµ(x, t) = 0 , (3.4)
and obtain
δρˆχ(x, t) = −nχµ
(
µ− 3β−1) δβ(x, t) , (3.5)
where x denotes spatial coordinates, β ≡ T−1, A˜ includes the fluctuation and mean
value of A, A˜ = A+ δA(x, t), and δA is short for δA(x, t).
It is clear that if δβ(x, t) is determined, one can figure out δρˆχ(x, t) with Eq. 3.5 immedi-
ately. By expanding Boltzmann Equation, Eq. 2.1, up to the first order, and simplifying
it with the relation ∂(δβ)/∂t = Hy ∂(δβ)/∂x in radiation dominated background, we
can obtain
∂(δβ)
∂x
+
Θ
xH
δβ = 0 . (3.6)
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where Θ is defined as
Θ ≡
{
e−g(x)〈˜σv〉 m
3
χ
pi2x3
[
1 + e2g(x) + 6(g(x)− 3)−1
]
− [1− dg(x)
dx
x(g(x)− 3)−1]H
}
(3.7)
for short, g(y) ≡ ln (nχ/neqχ ), x = mχ/T for reminder, and the spatial derivative term
1
yH
dxj
dt
∂(δβ)
∂xj
is discarded in long wavelength limit. To sum up, by solving Eq. 3.6 with
the abundance of DM in each BBG models, the super-horizon thermal perturbations,
δρˆχ, is, then, determined by Eq. 3.5.
At here, we focus on the Type I model of BBG, i.e. bosonic DM in a high temperature
bounce, for illustration. From Eq. 2.4, we have
nχ =
1− e−Λ(1∓x)
1 + e−Λ(1∓x)
neqχ , Λ ≡ 2pi2f〈σv〉mχ , (3.8)
during the pre-bounce contraction(−) and the post-bounce expansion(+). By substitut-
ing Eq. 3.8 into Eq. 3.6 and Eq. 3.5 and solving them in high temperature limit, x 1,
the evolution of super-horizon modes of thermal perturbation of DM are obtained,
δρˆ(t) =
(
β(t∓i )
β(t)
)4
δρˆ(t∓i ) =⇒ δρˆk(t) =
(
β(t∓i )
β(t)
)4
δρˆk(t
∓
i ) . (3.9)
where ti is initial time that super-horizon modes are generated, and we take Fourier
transformation at the last step.
• Step III: (Matching on Horizon Crossing) During the contraction of universe, the
effective horizon |aH|−1 shrinks, so that the previously sub-horizon modes will becomes
super-horizon after horizon crossing. Then the sub-horizon mode and the super-horizon
mode can be matched on the moment of horizon crossing, k = |aH|, to determine the
initial amplitude of the super-horizon thermal perturbations. Afterwards, the evolution
of super-horizon thermal perturbation are fully determined during the contacting phase;
The sub-horizon modes with k crosses the effective horizon at different time. And the
horizon crossing condition is,
k = |aH|t=t−i , (3.10)
which leads β(t−i ) =
C0
4pi2f
k−1 with C0 ≡ a(t−i )/β(t−i ) = 0.752× 10−5eV.
After horizon crossing, each sub-horizon mode becomes super-horizon. So the initial
value of each super-horizon mode is determined by the value of sub-horizon mode at
horizon crossing,
δρˆ2k(t
−
i ) = δρ
2
k
∣∣
k=|aH| =
6µ2eβµ
(aβ)3
∣∣∣∣
t=t−i
, (3.11)
where we have used Eq.(3.2) with taking k = |aH| at t = t−i .
Substituting these two matching conditions, Eq.(3.10) and Eq.(3.11), on the horizon
crossing into Eq.(3.9), the evolution of super-horizon mode of thermal perturbation in
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the contracting phase is obtained,
δρˆk(t) =

(
1
β(t)
)4 √6
C
3
2
0
Λ
2
ln
(
2
Λ
)
, Λ 1
(
1
β(t)
)4 √6
C
3
2
0
2e−Λ, Λ 1
. (3.12)
• Step IV: (Matching on Bounce Point) Eventually, universe are bouncing from the
contracting phase to the expanding phase. By assuming the entropy of cosmological
background are conserved before and after bounce point, the matching conditions at
the bounce point are obtained. By utilizing these matching condition, the evolution of
super-horizon thermal perturbation can be also fully determined during the expanding
phase.
By assuming the entropy of the bounce are conserved [63], we have an additional pair
of matching condition on the bounce,
β(t−f ) = β(t
+
i ) , δρˆk(t
−
f ) = δρˆk(t
+
i ) , (3.13)
where t−f is the moment of the contracting phase ending. Again, substituting Eq.(3.13)
and Eq.(3.12) into Eq.(3.9), the evolution of super-horizon mode of thermal perturba-
tion during the expanding phase is fully determined,
δρˆk(t) =

(
1
β(t)
)4 √6
C
3
2
0
Λ
2
ln
(
2
Λ
)
, Λ 1
(
1
β(t)
)4 √6
C
3
2
0
2e−Λ, Λ 1
. (3.14)
With realization of these four steps in detail following [65], the energy density spectra
of thermal fluctuations of DM in BBG is obtained. It turns out that the amplitude of
thermal perturbation of DM are dependent on the particle nature of DM, i.e. the value
of Λ ≡ 2pi2f〈σv〉mχ. Moreover the two avenues of DM evolution in the bounce cosmology,
Route I and Route II, can be distinguished in the level of thermal perturbation. Such
results are, hopefully, to be applied to the issues of formation of large scale structure as well
as the primordial black hole in near future study [72–80]. Moreover, in BBG, such predictions
from thermal fluctuation can be used to cross-check with the prediction from direct detection
of DM.
4 Direct Detections of Dark Matter to test the Big Bounce Genesis
In order to unravel the nature of DM, it is essential to directly detect it. The possibility
of such direct detection, of course, depends on the nature of the DM constituents and their
interactions. For the extremely non-relativistic DM candidates such as WIMP and most
species of DM candidates in BBG, their average kinetic energy at today are too low to excite
the nucleus. So they can be directly detected mainly via the recoiling of a nucleus (A,Z) in
elastic scattering. The event rate for such a process is mainly determined with the following
three ingredients [81]:
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1. The elementary DM-nucleon cross section computed in quantum field theory;
2. The knowledge of the relevant nuclear matrix elements obtained with as reliable as
possible many body nuclear wave functions;
3. The knowledge of the density of DM in our vicinity and its velocity distribution.
where the last two ingredients have been discussed extensively in [61], and we are not, how-
ever, going to discuss further these two ingredients in this work.
For the purpose of comparing the predictions of BBG with direct DM search [82–93],
we focus on the study of the DM-nucleon cross section in this section following [61, 64].
Cosmologically, the characteristic relation of the thermally averaged cross section 〈σv〉
and mχ such as Eq. 1.8 have been obtained for the case of the scalar DM particles χ interact
with another scalar φ via a quartic coupling. However, this relation cannot be utilized directly
for comparing with results of the direct detection, because 〈σv〉 is, essentially, the cross section
of the DM pair-annihilation, but not the DM-nucleon cross section, σp, measured in direct
detection experiments [82–93].
The elementary DM-nucleon cross section, σp, can be computed with the Feynman
diagram, Fig. 7, in which scalar DM particle interacts with quark mediated by φ [61].
χ
χ
≺ φ0 ≻ λ mq≺φ0≻
φ0
q
q
Figure 7. The quark - scalar DM scattering mediated by a scalar particle [61].
The resulting DM-nucleon cross section is given by [61]:
σp =
1
4pi
λ2m2p(µ
2
r)
m4φ
1
m2χ
(
∑
q
fq)
2 =
1
4pi
λ2m2p
m4φ
1
(1 +mχ/mp)
2 (
∑
q
fq)
2 (4.1)
where mp, mφ and mχ are, respectively, the mass of proton, φ and χ. µr is the DM-nucleus
reduced mass, and fq is related to the probability of finding the quark q in the nucleon.
Note that the vacuum expectation value ≺ φ0  in the quartic coupling is canceled
by the Yukawa coupling of scalar φ with the quarks. Therefore, the elementary DM-nucleon
cross section, σp, can be fully determined with a set of parameters, (mχ,mφ, λ). If the quartic
coupling of the scalar DM with the Higgs is the same with the usual quartic coupling of the
Higgs particle discovered at LHC, λ = 1/2, mφ = 126 GeV, one finds:
σp = σ0
(
1 +
mχ
mp
)−2
, σ0 = 6× 10−11m−2p
(∑
q
fq
)2
(4.2)
– 16 –
The value of
∑
q fq , of course, can vary a great deal [94–96],[97], but its value has now
become very much constrained by lattice experiments [98], yielding
∑
q fq = 0.2, which we
will adopt in this work. Thus we get σ0 = 0.8 × 10−3pb, which is a bit high leading to
σp = 2.7 × 10−6pb at mχ =50 GeV compared to the limit of ×10−8pb extracted the Xe
experiments XENON100 [83, 84]. We can, of course, treat the quartic Higgs coupling λ
as a phenomenological parameter and adjust so that it yields σ0 = 2.6 × 10−5pb yielding
the value σp = 1.0 × 10−8pb and makes our model consistent with the limit extracted from
experiments, e.g. XENON100 [83, 84] for heavy DM candidates, mχ =50 GeV. The thus
obtained nucleon cross sections are exhibited in Fig. 8. Our model, however, yields the value
of σ0 = 0.6×10−4pb for mχ =10 GeV, consistent with the the recent low threshold CRESST
experiment [91], which is perhaps more suitable for low mass DM favored by our model.
σ
p
→
p
b
0.1 10 100 1000
10-8
10-7
10-6
10-5
10-4
0.001
0.01
mχ →GeV
Figure 8. The nucleon cross section as a function of the DM mass in the case a scalar DM particle:
as predicted by our model (thick solid line), consistent with the low DM mass CRESSTII experiment
[91], and with the quartic coupling λ adjusted to fit the limit of Xe100 experiment, for a DM mass of
50 GeV, i.e. σp = 10
−8pb (dashed line).
We should stress that the DM nucleon cross section dependence exhibited in the exclu-
sion plots is purely kinematic and it does not contain any actual dependence on the cross
section of the elementary nucleon cross section as in our model. The extra mass dependence
of the cross section of scalar DM, exhibiting an enhancement in the low DM mass regime,
may favor the searches at low energy transfers. It is interesting to compare the behavior of
this cross section with that of the relic abundance of the BBG shown in Fig. 2.
At the end, we also notice another interesting domain of this BBG model in which DM
candidate is light. One can find that such DM with mass less than 100 MeV cannot produce
a detectable recoiling nucleus, but they could produce electrons [99] with energies in the
tens of eV, which could be detected with current mixed phase detectors [100]. If the DM
is a scalar particle, however, it can interact in a similar pattern with other fermions, e.g.
electrons. The relevant Feynman diagram is shown in Fig. 9.
For DM with mass in the range of the electron mass, both the DM particle and the
electron are not relativistic. So the expression for elementary electron cross section is similar
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Figure 9. The quark - scalar dark matter scattering mediated by a scalar particle [61].
to that of hadrons , i.e. it is now given by:
σe =
1
4pi
λ2m2e
m4φ
(
memχ
me +mχ
)2 1
m2χ
(4.3)
This is a respectable size cross section dependent on the ratio mχ/me. In this case one must
consider electron recoils, but the highest possible electron energy is about 1.5 eV and the
DM mass must greater than 0.3 electron masses. So the detection of DM with mass around
the electron mass requires another type of detector [61, 64, 101].
5 Summary
In this review we discuss the big bounce genesis (BBG) as an unified framework for the
interplay between dark matter (DM) and early evolution of universe, particularly, in which
the famous WIMP and WIMP-less Miracles are also included. The novelty of BBG is that
it provides a new possibility of using DM mass and its predicted interaction cross section,
as a telling signal of the existence of a big bounce at the early stage in the evolution of our
currently observed universe. Each type of BBG models, bosonic/fermionic DM in a high/low
temperature bounce, and its predictions have been discussed in details. These predictions can
be checked against data from the present and future DM searches.
Another salient feature of BBG is that out-of-chemical equilibrium production is al-
lowed. In this case, the abundance of DM is much less than its thermal equilibrium value,
the thermal fluctuation of DM, then, can be generated; in sharp contrast to the case in which
thermal fluctuations are suppressed in the thermal equilibrium production. In this review,
we also present a detailed and model-independent analysis of the whole evolution of DM
thermal fluctuations in a generic bounce. It may have important implications on the forma-
tion of large scale structure, clusters, galaxies and primordial blackhole, and potentially can
be compared with astrophysical observations.
At the end of this review, we also present detailed analysis for the predicted event rates
for different DM detection experiments: events/kg/year for nuclear recoil experiments for
heavy scalar DM in the mass range of 100GeV, and event rate for MeV light scalar DM
detections by electronic scattering.
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